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ABSTRACT

A sensitive and specific high-performance liquid chromatographic

assay using UV detection at 303 mm for methotrexate and 7-hydroxymethotrex

ate in serum and cerebropsinal fluid is described. Methotrexate (MTX)

and 7-hydroxymethotrexate (7-OH-MTX) are extracted and concentrated from

a deproteinised biological sample using an ether/n-butanol mixture which

leaves a small volume of aqueous layer (less than 100 ul) containing MTX

and 7-0H-MTX. This entire sample is injected onto a MBondapak/Phenyl

column and chromatographed at ambient temperature with a mobile phase of

0.15 M sodium acetate buffer (pH 4.6):acetonitrile (89:11) at a flow rate

of 2 ml/minute. Identification of both MTX and 7-OH-MTX is made by

comparison of retention times with those of known compounds and quantitation

is by peak height with external standardisation.

The retention times of MTX and 7–0H-MTX are 6.0 and 8.4 minutes,

respectively. Of at least 50 commonly used drugs and compounds tested,

only hydralazine caused significant assay interference. For MTX, assay

sensitivity is 11 picomoles (11 nmol/litre serum) while precision at

22 nM is 6.2% (n=6). Using spiked serum MTX standards, the procedure is

linear over a 10°-fold concentration range (20 nM to 6 mM). Within-day

precision (CW) is 5.2% at 103 nM (n=13) and 3.5% at 1.85 uM (n=11) while

between-day precision is 7.7% at 1.85 um (n=12). Recoveries of extracted

serum MTX standards are 70 f 5% over the range 0.022 to 22 uM. Linear

regression analysis of the log values of the results obtained by both a

competitive protein binding assay and the present method showed a y-intercept

of 0.118, a slope of 0.94 and a correlation coefficient of 0.98. The

procedure is suitable for routine monitoring of plasma MTX and 7-OH-MTX

levels.



1. I N T R O D U C T I O N.

(a) Cancer and other diseases treatable with Methotrexate:

Cancer is the generic name for a group of disease processes

which may be either malignant or benign, and which are a complex mixture

of anatomical, genetic, kinetic, metabolic, biochemical and pharmaco

logical variables. Malignant neoplasms are composed of cells that have

undergone transformation which imparts to the cell the ability to pro

liferate in an unregulated fashion and the capacity to invade and

metastasize. They adversely affect the well-being and may also threaten

the lives of many adults and children; in addition, they cause consider

able suffering for both patients and their families.

Probably fifty per cent of all newly diagnosed patients with

cancer will succumb to their disease and, except for a small number with

brain tumors, death will be caused by metastases and complications.

While different forms of cancer exhibit age, sex, geographic, environ

mental and racial variations, in children aged 1 to 15 years they are

exceeded only by trauma as the main cause of death in both developed and

developing countries. The heterogeneous variety of childhood tumors

appears to originate in abnormal embryogenesis and arise in mesodermal

tissues (hematopoietic system, kidney, soft tissue and bone) as well as

ectodermal tissues (central and sympathetic nervous systems), while adult

tumors are generally epithelial tumors which arise within ectodermal and

endodermal tissues (skin, breast, lung, gastrointestinal tract, and

female urinogenital tract) through de-differentiation of cells within



mature tissues. The malignant proliferative white cell diseases in

children (leukemias, lymphomas, dysproteinoses and Hodgkin's disease)

account for approximately 10% of all cancer deaths and about 45% of deaths

in patients under 15 years (1). Because of the combination of improved

methods for early detection and diagnosis, the increased application of

cancer chemotherapy, and improvements in surgical and radiological

techniques and supportive, immuno- and endocrine-therapies, survival

rates in cancer patients are on the increase.

The primary purpose of all cancer treatment is to reduce the

body burden of all tumor cells below that which can re-establish the

disease. If that is not possible, significant reduction in the numbers

of these cells by chemotherapy, either alone or in combination with

other treatment modalities, resulting in the extension of useful and

acceptable life, is the secondary aim of treatment. Most malignant

tumors are curable by either surgery or radiation if they are localised

(not metastatic) when first detected. Chemotherapy is indicated and

being used to treat:

(a) tumors that are apparently systemic when first seen

(e.g. hematological malignancies),

(b) small metastatic tumor sites, as an adjunct to initial

surgical removal and radiological treatment of grossly

apparent and inaccessible primary tumors, and

(c) recurring primary or metastatic tumors following

unsuccessful initial treatment.

The most successful cancer chemotherapeutic agents used to



inhibit cellular division were found to rely on the real tive kinetic

vulnerability of neoplastic cells. In general, these agents fall into

five classes:

(i) Alkylating agents (e.g. nitrogen mustards, nitrosoureas),

(ii) Antimetabolites (e.g. folate antagonists (MTX);

pyrimidine analogues),

(iii) Antibiotics (e.g. Daunorubicin, Actinomycin D, Adriamycin),

(iv) Winca alkaloids (e.g. Vincristine, Winblastine), and

(v) Miscellaneous agents (e.g. Hydroxyurea, prednisone, pro

carbazine, and L-asparaginase).

They interfere at specific sites of DNA precursor biosynthesis, DNA re

plication, RNA transcription, and RNA translation. Their inability to

differentiate and selectively act on cancer cells without being toxic to

normal cells has been one of the main shortcomings of chemotherapy.

Since methotrexate (MTX) interferes primarily with DNA replication, re

quiring the target cells to be actively proliferating in order to exert

its toxic effect, it is called a cell-cycle (S-phase) specific agent (2).

A number of different protocols for the administration of high

dose methotrexate are being used presently by more than 100 independant

investigators and co-operative study groups. Diseases being studied

include osteogenic sarcoma, lung, head and neck tumors, leukemias,

lymphomas, Sarcomas, cancers of the breast, ovary, brain, pancreas, colon,

cervix, as well as melanoma and gastric and pediatric tumors.

In conventional (low) doses (less than 50 mg/mº.), MTX has been

found useful in the remission maintenance of acute lymphocytic leukemia (3),



as well as the treatment of histocytosis X, Burkitt's lymphoma and the

treatment of psoraisis. In higher doses (greater than 1 g/m2 or 20 mg/kg),

either alone or in combination with other cytotoxic drugs, it has achieved

significant remission in malignant adult and childhood tumors, particularly

(a) solid tumors of bone (osteogenic sarcoma) (4), (5), breast,

ovary and lung (6),

(b) Choriocarcinoma (7),

(c) Hematological malignancies such as refractory acute

leukemias (8), Hodgkin's and non-Hodgkin's lymphomas (9),

reticulum cell sarcoma and lymphosarcoma (10), and

(d) brain tumors (gliomas) (11), (13).

MTX has been administered intrathecally for the treatment or prophylaxis

of active meningeal leukemia and other neoplasms that have metastasised

to the CNS (12).

(b) Chemistry, Mechanism of Action, and Mechanism of Resistance of MTX:

Methotrexate (MTX, amethopterin, N-(p-(2,4-diamino-5-pteridinyl)
-methyl methylamino) benzoy) glutanic acid, NSC-740) (Figure 1) is a

folic acid analogue of molecular weight 454.46. It is a yellow-orange,

odorless powder, hydrated 8-10%. It light sensitive and unstable in

alkaline solutions; however, commercial MTX solution (for injection) is

stable at pH 8.3, showing only 3% degradation at room temperature in the

dark for more than a year (14). It is a dicarboxylic acid with pKa's of

3.76, 4.83 and 5.60. It is water soluble and highly ionized at physio

logical pH, and can penetrate the blood–brain or blood-CSF barrier (11).
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Figure 2. Role of folate coenzymes in Thymidylate, purine, and

methionine biosynthesis. Abbreviations: FH2, dihydrofolate; FH4,

-

tetrahydrofolate; Ser, serine; Gly, glycine; TMP, thymidylate; UdR,

deoxyuridine; du MP, deoxyuridylate. (1) Dihydrofolate Reductase;

(2) Serine transhydroxymethylase; (3) Thymidylate Synthetase; (4)

Methylene tetrahydrofolate dehydrogenase; (5) N5,N10 -Methylene
■ º

tetrahydrofolate dehydrogenase; (6) N*-formyl tetrahydrofolate

isomerase; (7) Methionine synthetase. (Reproduced from Bertino (15)).



Ultraviolet spectra peaks in 0.1N HCl are seen at 307 nm, 243 mm and 203 nm,

while in 0.1N NaOH they are seen at 303 nm, 259 mm and 220 mm.

Mechanism of Action:

Folic acid coenzymes are involved in the transfer and utilization

of single (C1) moieties in purine biosynthesis. Before it can function as

a C1-carrier, folate must be reduced to dihydrofolic acid (DHFA) and then

to tetrahydrofolic acid (THFA) (Figure 2) (15). The reduction of DHFA is

catalysed by the enzyme dihydrofolate reductase (DHFR). THFA accepts single

carbon fragments to generate active folate coenzymes (N°- and N5-N10 —methyl

ene THFA) that are utilized as carbon donors in the synthesis of thymidine

and the 3-carbon of serine. The conversion of deoxyuridine to thymidine

requires active folate coenzyme which is, during this process, oxidised

to DHFA; the kinetics of this system are dependant on the reconversion of

DHFA to THFA by the enzyme DHFR. The key event leading to unbalanced

growth and cell death relies on the fact that MTX binds extremely tightly,

possibly irreversibly, to the DHFR with an affinity 10°-times that of the

substrate, thereby inhibiting thymidylate synthesis and thus DNA synthesis

in the S-phase of the cell cycle (16,17). Low concentrations of MTX may

also inhibit thymidylate synthetase (18). In addition, purine synthesis,

and hence RNA synthesis, as well as both serine and methionine synthesis

are inhibited.

Mechanism of Resistance:

While single chemotherapeutic agents have been observed to be

effective, the cellular heterogeneity and unresponsiveness of tumors is a

serious obstacle to effective therapy. Tumors can develop clones of drug



resistant cells, hence high-dose MTX and multi-drug, multi-site combinat

ion chemotherapy have been used. In the case of MTX this resistance has

been attributed to increased levels of DHFR (19) or to decreased permeabil

ity of the tumor cells to MTX (20). This resistance cannot be overcome

without raising the dose of MTX and incurring unacceptable toxicity in

patients. The resultant severe host toxicity to high doses can be circum

vented by the use of exogenous N°-formyl tetrahydrofolate (citrovonum

factor (CF), leucovorin, folinic acid) (23) or thymidine (21) which by

pass the block and allow build-up of thymidine levels. Citroworum factor

provides THFA directly to the cell, thereby all eviating the folate deplet

ion induced by MTX. It does not compete with MTX at any point in their

respective mechanisms of action. The administration of this normal

metabolite selectively rescues normal tissues from the lethal effects of

MTX without neutralising all anti-tumor activity. Tumor cells can

possess the ability to utilize preformed (circulating) purines and pyrimid

ines to circumvent the MTX block and this effect has also been utilized

to therapeutic advantage. Harrap (22), using MTX in conjunction with the

purine-pyrimidine combination of thymidine, hypoxanthine and allopurinol,

observed increased therapeutic response above that observed with the use

of CF alone.

(c) Pharmacokinetics of MTX:

Absorption:

Intravenous and intramuscular absorption are rapid and com

plete, while gastrointestinal absorption of MTX is dose-dependant and



subject to metabolism by intestimal bacteria prior to absorption.

Parenteral administration is preferred over oral because of first

pass metabolism and the unpredictable absorption of large doses (23).

Following rapid IW administration of conventional doses, there is an

initial rapid fall in serum MTX levels during the distribution phase.

The plasma disappearance (second) phase represents primarily elimina

tion of the drug by biliary excretion and renal clearance and has a

Tiz of approximately 3.5 hours. After 24 hours, a third phase with

a Ti; of approximately 27 hours occurs due to enterohepatic recir

culation, and the persistence of metabolites measured as MTX (24).

A bi-exponential decline in the serum distribution of MTX with half

lives of 2 and 10 hours respectively, was found by Stoller et al. (25).

It appears that less than 10% of the drug remains in the body after

24 hours.

Distribution:

While the mechanism of action of MTX is well known, its

site of action is unclear. At conventional (low) doses, membrane

transport is active and carrier-mediated to facilitate diffusion

into the cell. At high doses, in addition to active transport,

passive diffusion occurs leading to an increase in free intracellular

MTX and there may also be an inhibition of the uptake of folate by

the cell. As the serum concentration falls, this reverts to facili

tated diffusion. At low serum levels (less than 10’M(mol./l.)) probably

all the intracellular MTX is DHFR-bound and the levels of this enzyme

are increased probably due to decreased turnover of the DHFR-MTX
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complex rather than de novo synthesis. Rescue of the cells with

Citrovonum Factor (CF) circumvents the DHFR inhibition and, when

the serum level of MTX has fallen to that of the CF (e.g. 0.5 - 1.0

by 10-GM), the influx of MTX is depressed. The intraventricular

and intrathecal CSF concentration of MTX is usually 2-3 orders of

magnitude lower than that in serum, hence MTX is given intrathecally

for CNS metastases of leukemia.

Metabolism:

MTX appears to undergo extensive metabolism in man (23).

Although studies have been hampered by the inability to accurately

monitor metabolites produced in man, 7-hydroxy MTX appears to be

the main metabolite (26, 28). This compound was the major metabolite

found in the urine of monkeys and constituted more than 70% of the

precipitate in the renal tubules of monkeys with high dose MTX

toxicity. In rabbits MTX is extensively metabolised by a hepatic

metalloprotein, aldehyde oxidase, to 7–0H-MTX. After high dose MTX

therapy in man, 7-0H-MTX levels in blood were found to equal or

exceed MTX levels after 24 hours (27, 28). The in vitro activity

of the human aldehyde oxidase was found to be much lower than that

of rabbit (23). Other metabolites such as APA (4-amino-4-deoxy-N"-

methyl pteroic acid) (29), several unconjugated 2, 4-diaminopteridines

and a benzene derivative were found by Walerino (30), however, these

may be due to in vivo bacterial metabolism.
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7–0H-MTX is approximately 2 orders of magnitude less

effective than MTX as an inhibitor of DHFR (31), and APA has only

about 1/200 the affinity of MTX for DHFR.

Excretion:

Biliary excretion of unchanged MTX (0-9% of a dose) occurs

and may be important in cases of saturated renal excretion (23).

The kidneys, being the major route of elimination in man, provide

for the elimination of about 80% of a dose. In high-dose therapy

more than 50% of the infused dose is excreted between 6 and 12 hours

post-infusion. MTX is not only filtered but actively excreted by

the tubules by utilizing the general weak acid transport mechanism (32).

Since extensive tubular reabsorption of MTX may occur some drugs

may enhance toxicity by competing at this level for excretion (e.g.

salicylates).

Because of the nephrotoxicity encountered with MTX during

high-dose therapy, preclusion of any patient with renal impairment

and careful monitoring of renal function is required and should be

used to adjust the dosage regimen. Routinely, prior to commencement

of therapy, administration of fluid and/or bicarbonate solution is

recommended to prevent renal tubular precipitation of both the MTX

and its 7-0H metabolite in an acidic urine (24). The 7-OH metabolite

is reportedly 5-10 times less soluble than the parent drug which has a

2.2 mM solubility in urine at pH 5.1 and a 22 mM solubility at

pH 6.9 (26).
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(d) Rationale for High-Dose MTX. Therapy with Citroworum Factor Rescue.

Initial preclinical observations with animal models in 1955

(33) showed MTX to be more effective than aminopterin in the treat

ment of leukemic cells with several schedules of therapy. With

two MTX treatments spaced 4 days apart it was possible to employ

a considerably higher dosage of the drug and thereby achieve enhanced

therapeutic effect when compared with daily treatments. When these

observations were translated to clinic patients in the 1960's the

therapeutic efficacy of high intermittent doses of MTX was demon

strated in the remission induction of acute lymphocytic leukemia (34).

In 1966, Djerassi et. al. (20) reported long-term remission in child

hood acute leukemia with infrequent infusions of MTX with CF rescue.

Therapeutic enhancement occurs when patient survival time

observed on multi-drug therapy is greater than that obtained with

the drugs individually. This has become the objective with the

introduction of multi-drug chemotherapy as a means of delaying the

origin of spontaneous or drug-induced resistant tumors. This has

been achieved by:

(a) sequential blockade using 5-fluorouracil (5FU), a

thymidine analogue which, on conversion to the deoxy

ribotide, acts as an inhibitor of thymidylate synthe

tase (35), and

(b) the utilization of an anti-tumor agent in combination with

a protective agent against the toxicity without depres

sion of the anti-tumor effectiveness of the agent (e.g.

MTX with delayed citroworum factor rescue).
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Hryniuk and Bertino (1969) (36) emphasized the concept of

high-dose MTX (HDMTX) with CF rescue in the treatment of patients

with leukemias and solid tumors, suggesting that a minimum concentra

tion of 1.0 uM MTX is needed for therapeutic effect in human cancer

cells. In 1972, Jaffe (37) and Djerassi (6) demonstrated the efficacy

of HDMTX-CF treatment in metastatic osteogenic sarcoma and other pre

viously resistant solid tumors. This treatment was found to be far

more effective when the growth fraction is high (when tumor is micro

scopic) than when it is low (when metastases are evident) (38). The

best current treatment approach would seem to be early and extensive

application of anti-cancer drugs to control undetected metastases,

and limited surgery and/or irradiation to control local neoplastic

disease.

In cancer treatment centers around the world, many protocols

are now being tested using high-dose infusion (1-9 g/m2 or 100-500

mg/kg given over 6 hours) and moderate-dose infusion (50-1000 mg/mº
or 50-100 mg/kg given over about 42 hours) both alone and in com

bination with other cytotoxic drugs. Prior to infusion of the MTX,

wincristine (about 1.5 mg/m3) is given IV. This has been shown to

increase the net uptake of MTX by the tumor cells, probably as a

result of the inhibition of the efflux pump or an increase in intra

cellular binding (39). At the end of high-dose infusion, serum

levels can range from 0.16 to 1.6 mM MTX (25). The infusion approach

apparently eliminates the plasma drug peak and delays rescue with

CF which should be 5-10% by weight of the MTX dosage.

Prolonged exposure to high levels of MTX will adversely
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affect tumor cells resistant to lower doses, since it may enter the

cell by filtration throught the membrane pores or other passive

mechanism. Even if the concentration of MTX within the cell is

only 0.1% that in the plasma, which can reach 0.1-1 mM with high

doses, the intracellular concentration would be within the thera

peutic range (approximately 0.1 p!M) (38). Short-term exposure to

even high concentrations of MTX may leave a large proportion of

tumor cells intact. Two hypotheses justifying the use of such

high doses have been advanced by Frei et. al. (38): (1) high con

centrations of MTX may destroy cells by a mechanism different from

that with conventional doses, and (2) CF may selectively rescue

normal bone marrow cells and prevent the profound myelosuppression

evident with high-dose MTX alone.

The results of high-dose MTX with CF rescue can best be

illustrated by the results of treatment for osteogenic sarcoma

which does not respond to conventional doses of MTX. 80% of all

cases of osteosarcoma are seen in the second decade of life and,

until 6 years ago, the cure rate regardless of the treatment

modality used was 10–20% (40). Since then the application of high

dose MTX therapy, at levels more than 100 times the safe maximum,

followed by patient rescue with CF has now increased the cure rate

to 40–50% (41).
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(e) Rationale for Monitoring Serum MTX Concentration:

Toxicity:

Each of the major cancer treatment modalities, including

chemotherapy, is known to have serious limitations and side-effects.

It has been observed that frequent small doses of MTX are more toxic

than larger, more widely spaced single doses (42), while in high

dose infusion the toxicity is related only to the in vivo duration

of the high MTX concentration and not the plasma concentration itself

(43). There is no clear-cut end-point to guide therapy, since

standardized doses do not give standardized responses in every

patient, and the evidence that an association exists between blood

drug levels and both the clinical efficacy and toxicity is only pre

sumptive. Despite the effectiveness of HDMTX-CF therapy problems

associated with its toxicity have not been overcome though most

of the serious side-effects are quickly reversed once the drug

treatment has ceased.

Most subtle of the toxic side-effects of MTX is the transient

inflammatory response of pleura and peritoneum, producing abdominal

pain. The major manifestations of classic MTX toxicity include:

extensive oral mucosal ulceration (6, 8), profound myelosuppression

(6, 8), skin - especially erythematous whole body - rash (8, 20),

acute and chronic liver toxicity (8, 20), and acute and chronic

renal damage (6, 8). Gastrointestinal effects include nausea,

anorexia, emesis and stomatitis. A variety of other side-effects

have been noted that involve alopecia and lung, heart, CNS and
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bladder toxicity, but most of these are reversible. Pulmonary complications

of treatment with MTX have occurred as early as a week and as late as a few

months after starting therapy. Lung biopsy may be required for definitive

diagnosis with resultant immediate cessation of cytotoxic therapy (44). The

incidence of drug-related deaths in 670 patients treated with doses greater

than 1 g/m” was 4.6%.

The tissues involved tend to have a high growth fraction. The cells

are inhibited by extremely low intracellular concentrations of MTX (0.01 p!M)

(45). After doses of 50-500 mg/kg, peak levels of MTX in the blood range from

0.1-2.0 mM and vary according to dose. Toxic effects have occurred when the

plasma concentration has remained greater than 10 um for longer than 24

hours and/or greater than about 1 pm for longer than 48 hours (46,47).

Treatment is contraindicated in patients with (a) prior hepatic

impairment attributable to liver metastases or post-transfusion hepatitis,

and (b) clear evidence of significant loss of renal reserve (e.g. decreased

creatinine clearance, inability to concentrate urine, decreased urinary

output, or slight albuminuria ) since MTX and its 7-hydroxy metabolite are

rapidly and substantially cleared by the kidney.

Although there appears to be no published studies showing a

significant correlation between a reduction in the toxic side-effects

and the monitoring of plasma levels of both the drug and its metabolite,

careful monitoring of renal function and serum MTX levels has provided

helpful information regarding any impending toxicity and the need for

extended CF administration. Thus, monitoring has been recommended to

detect increased serum MTX levels or prolonged half-life of the drug and

should be continued until adequate clearance of the drug and its metabolites

has been established (75).
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Purity of MTX

Presently available commercial and investigational MTX

is only about 85–95% pure (48) since USP standards (49) only require

that the material contain not less than 85% anhydrous MTX. It

is possible that impurities may have significant pharmacological

activity when MTX is administered in high doses.

The development of rapid and quantitative HPLC assays

(50, 51, 52) has allowed samples to be assayed, in conjuction

with identification by mass spectrometry, for such known impurities

N10as 2, 4-diamino-Nº'-methyl pteroic acid (APA) as well as 2-amino

N*-pteroy glutamic acid (methopterin) (50), N"-methyl4-hydroxy

pteroyl glutamic acid (14), and 2, 4-diamino-N"-methyl pteroic acid

amide (52).

(f) High Performance Liquid Chromatography (HPLC).

Principle:

The applications of high performance liquid chromatography

(HPLC) as a selective separation technique for clinical laboratory

analyses have developed rapidly in recent years. A probable reason

for this is the direct application of known chromatographic principles,

combined with technological development of materials and instrumenta

tion used in this process.
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The chromatographic process involves the distribution of sample

components between a stationary phase and a mobile phase which passes over

it. The type of elution chromatography most frequently used for analysis

is reversed-phase liquid–liquid partition chromatography. This is based

on the separation of a band of components in a polar (mobile) phase as

the band passes over a non-polar liquid coating on a column support

material (stationary phase). In HPLC, a pressure gradiant is required

to force the mobile phase through the column and the high efficiencies

and stabilities attained with current chromatographic columns have

resulted from careful development of the stationary phases employed.

Chromatographic System:

Components of the system include:

(a) a solvent reservoir of glass or stainless steel

with a capacity greater than 0.5 liters.

(b) a pump which, because of the microparticulate packing

and the small bore of the column, has a 300 to 7000

p.s. i.g. capacity. It can be a continuous

displacement (syringe-type, screw driven) pump

which gives a pulse-free supply of mobile phase,

or it can be an intermittent displacement (peri

staltic, diaphragm or dual-head reciprocating)

type with small internal volume and a continuous,

virtually pulseless supply of mobile phase.
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(c) Isocratic or gradient elution capacity which allows changes

in the chemical composition (e.g. pH, polarity, viscocity)

of the mobile phase which has the ability to alter the

selectivity of the column during analyses.

(d) a sample injector which may be either a septum injector

(versatile but with a low pressure limitation) or a fixed

loop valve which permits precise and reproducible injections.

(e) Columns most commonly used are stainless steel, 3–4 mm I.D.

by 25-30 cm in length. Longer columns generate high back

pressures, while an increase in column diameter may produce

an increase in column efficiency measured by the height

equivelant of a theoretical plate (HETP or H). The

column contains the stationary phase.

(f) Ideal detectors should possess (i) high sensitivity and

specificity of response, (ii) the ability to maintain

sample integrity, and (iii) linearity of response, i.e.

directly proportional to the amount of solute. They are

usually classified as

(1) Universal detectors (e.g. refractive index or

thermometric), and

(2) Selective detectors (e.g. conductivity, UV,

(variable and fixed wavelength), fluorescent

(possibly requiring derivatization), electro

chemical and polarographic).

They can be either destructive or non-destructive of solute.

The efficiency of the column system is limited by the detect

or's ability to monitor small volumes of column effluent.
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Light absorption detectors which are selective and non

destructive range over the whole UV-visible spectra by

using monochromators in place of filters. They provide

detector response in absorbance units directly proportional

to concentration in accordance with Beer's law. They allow

monitoring to below 200 nm with the use of suitable

solvent systems. In the analysis of biological samples,

the presence of UW absorbing compounds poses a major

obstacle to the universal application of these detectors.

Additional sensitivity can be gained for compounds excited

by light or derivatised to fluoresce by the use of

fluorescence detection. This is specific, selective and

sensitive to 10–9 g/ml for strongly fluorescent compounds

but is adversely affected by turbidity, quenching and

slow response times.

(g) The usual recorder to monitor the detector output is a

1 - 10 mWolt strip-chart pen recorder, but more sophisticat

ed types may monitor and integrate peak heights or areas

and possess printing capability. These microprocessor

based instruments can be equipped with automated sampling

equipment and sophisticated data handling systems that

can report directly the concentration of an analyte using

(say) internal standardisation.

Most stationary phases are based on silica gel, a polymer of

silicic acid. This involves the formation of primary silica gel particles

of up to 10 pm diameter which control the surface area and porosity of the
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final product. The smaller the primary particle, the higher the surface

area of the packing and the smaller the pore diameter.

Efficiencies obtainable over a decade ago with the longer (25 to

50 cm) columns were of the order of 200–800 theoretical plates and they

were packed with silica gel of particle diameter 30 to 60 um. Majors (53)

and Kirkland (54) developed slurry packing techniques for microparticulate

silica which enhanced the efficiencies of the columns by an order of

magnitude. Today, columns 25 cm long, packed with microparticles of

5 to 10 um diameter, may have efficiencies as high as 6,000 to 12,000

theoretical plates.

Chemically bonded stationary phases were developed by reacting

organic moieties with the hydroxyl groups on the silica gel. One of the

most useful and stable bonded phases is the reversed phase which contains

a hydrocarbon chain (C2, C8 or C18) linked directly to the silica atom,

which is itself linked via an oxygen (siloxane bridge) to the silica atom

on the surface of the silica gel. The bonded phase moiety can be polar

(-NH2, -CN) or contain an exchange group (-COOH, -SO3H or -NR3), allowing

a wide choice of stationary phases with characteristics which vary from the

highly polar to dispersive (Hydrocarbon bonded phases). A drawback at

present is their instability in the presence of electrolytes and at

extremes of pH (less than 2.0 and greater than 7.5).

Normal phase chromatography generally relies on a highly polar

silica packing which reversibly adsorbs the solutes and facilitates

separation usually on the basis of polarity. Components of higher



22

polarity and with more interactive functional groups tend to be adsorbed

and therefore are retained for a longer time on the column. Converse

to normal phase liquid chromatography, reversed phase methods rely on

a low polarity bonded phase C13 packing with a highly polar mobile

phase for separation. Separation is based on the relative solubility

and distribution of solutes between the mobile and stationary phases

with components of the highest polarity tending to elute earliest.

Ion-exchange chromatography describes the process in which

ionic or ionisable samples are attracted to either a cationic or

an ionic site on the stationary phase. These resins contain polar

groups, acidic or basic in nature, which are introduced either before

or after the polymerisation stage. An ideal ion-exchange material for

chromatography should provide a stationary phase that is insoluble and

chemically stable. The ion-exchanger should have structural stability

and the particles should be preferably uniform spheres possessing good

flow properties when they are packed in a column. The exchange capacity

should be high and ion-exchange sites should be mono-functional in

nature.

The retention of ionised species on non-polar bonded phases

can be enhanced by the presence of a counterion with a large non-polar

group in the mobile phase. This is ion-pair chromatography. These

counterions are surfactants (e.g. tetrabutyl ammonium or octylsulfonate

ions) which form non-polar ion-pairs with the solute. The retention of

the ion pair is greater than that of the solute per se.
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Gel permeation chromatography separates components on the

basis of their 'size' or molar volume in solution. The size of the

molecule is inversely related to its elution volume; that is, smaller

molecules generally take longer to elute from the column since they are

better able to penetrate into the porous packing.

Considerations for Optimizing Performance of HPLC:

New methods for the quantitative analysis (isolation, separat

ion and identification) of low concentrations of drugs and their metabol

ites by HPLC require optimization of the procedure at all levels in the

component system. This relies on knowledge of the factors which affect

the selectivity, sensitivity and efficiency of separation in these pro

cedures. Isolation and extraction of the compounds of interest may

require

(a) protein precipitation (for biological samples),

(b) simple solvent extraction, or

(c) ion-pair extraction which enables easy regulation of

the extraction and selectivity.

The partition of solute between the mobile and stationary phases is

affected by

(a) polarity, viscocity, compressibility, UV cut-off, vapour

pressure and dielectric constant of the solvent in the

mobile phase,

(b) the pH of the mobile phase which affects ionization of

acidic or basic groups,

(c) the salt (and ion-pair reagent) concentration in the
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mobile phase,

(d) the competition of the mobile phase with the stationary phase,

(e) an increase in the temperature of the column which decreases

the viscocity of the mobile phase and thus the retention

time of the solute with resultant increase in resolution,

and finally, but very importantly,

(f) the efficiency of the column itself.

In most cases, the mobile phases used with non-polar bonded

phases consist of polar solvents or their mixtures. Generally, the

lower the polarity of the solvent the higher is its eluting potential,

i.e. eluent strength. Therefore, of the three solvents commonly used

(water, acetonitrile and methanol), water is the weakest while methanol

is the strongest. Methanol and acetonitrile are the most popular because

they have relatively low UV cut-off points and viscocities and are readily

available in sufficient purity. Eluents of intermediate strength are

usually obtained by mixing one of these with water or an aqueous buffer.

Various buffers have been described in the literature; phosphate

buffer can be used over a wide pH range and enjoys wide popularity, while

acetate buffer is frequently used in the pH range 3.5 to 5.5 unless the

column effluent is to be monitored below 240 mm with a UW detector. However,

the use of acetate buffer usually results in relatively low column

efficiencies, possibly due to the formation of non-polar complexes between

the acetate ion and cationic solutes and also the relatively slow kinetics

of this process (76). This buffer had already been used successfully to

quantitate quinidine in this laboratory (77), and solvent compatibility

between tests is a consideration in the efficient use of equipment.
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(g) Methods Used in the Measurement of MTX:

With the more efficient and widespread application of high

dose MTX therapy there has evolved a need for simple and accurate

analytical procedures for the surveillance of this therapy. Over

the past fifteen years this reliability has depended largely on

the development, application and refinement of both sensitive

analytical instruments and techniques. The success of these

techniques has broadened the choice of reliable assay methods

and has considerably enhanced their clinical usefulness. Analytical

procedures such as spectrophotometry, spectrofluorimetry,

competitive protein binding assays (employing both antibodies

and the enzyme dihydrofolate reductase, with and without the

use of isotopically-labelled MTX), microbiological assays, and

high-performance liquid chromatography have all been applied to

monitoring MTX levels in the blood, CSF and urine, as well as

the purity of commercial MTX preparations. Each of these assays

has had advantages for its time and many still remain suitable

depending on the laboratory facilities available.
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Spectrofluorimetry

Oxidation of MTX with potassium permanganate at pH 5.0 to

2,4-diamino pteridine-6-carboxylic acid (which is five times more fluor

escent than the parent drug) was reported in early spectrofluorimetric

assays (55,56) which achieved a sensitivity of 11 nmoles MTX using 1 ml

serum. Kinkade et al. (57) used complicated extraction procedures to

increase the sensitivity to 220 pmoles of MTX. However, a major reason

for the unacceptability of these simple assays for the clinical

monitoring of HDMTX-CF therapy is their non-specificity due to inter

ference by other pteridines (e.g. citroworum factor) and some drugs

which undergo similar reactions to fluoresce.

Spectrophotometric (Enzymatic) Methods

All of the enzymatic methods rely on the biologically-specific

interaction of MTX with the enzyme dihydrofolate reductase (DHFR) to

measure the degree of inhibition of DHFR. As the MTX concentration

increases, the oxidation of NADPH + H’ decreases and this is measured

as a decrease in absorbance at 340 nm (58,59). The method of Overdjik

et al. (60), a modification of the original method used by Bertino and

Fisher (58), claimed that the relationship between the absorbance decrease

and the amount of MTX was linear over the calibration range of 10-100 nM.

Since therapeutic levels encountered in HDMTX-CF therapy can range from

10 nM to 1 mM and these assays measure MTX in the range of 20 to 300 nM

(61), some samples with concentrations falling outside this range would

have to be diluted up to 2,000-fold, thus increasing the probability of

error.
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While these methods are sensitive and selective, require only a

simple spectrophotometer and microsample amounts, and can be automated (62),

they suffer (in some cases) from lack of availability and stability of

suitable enzyme preparations, variations in NADPH + H* preparations, and

interference from abnormal amounts of bilirubin, lipids or hemoglobin in

the sample (62).

Radioimmunoassay (RIA)

RIA techniques employ specific antibodies formed in rabbits (63)

from conjugates formed between the -COOH or -NH2 moieties of the glutamic

acid residue of MTX and bovine serum albumin. The assays are generally

more sensitive than HPLC, measuring 0.1 to 1 picomoles of MTX in small

volumes (5 to 250 ul of serum), and specific in the presence of

endogenous folates as well as CF (64,65,66,67). However, specificity

in the presence of 7–0H-MTX and other MTX metabolites is questionable

and requires further investigation.

Time-consuming steps in these assays involve (a) antigen-antibody

equilibration and (b) preparation for, and counting of samples by,

liquid scintillation. The speed and capacity of the assay can be

enhanced considerably by the replacement of *H-MTX With 125I-MTX Or

7°se-MTX, concomitantly allowing for semiautomation (67).
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Competitive Protein-Binding Assays (CPBA):

These assays are equivalent to the RIA for MTX, except

for the substitution of the antibody with DHFR. *H-MTX is the labelled

ligand and a dose-response standard curve is obtained using unlabelled

MTX as the competing ligand. The enzyme is available from a variety

of tissues (L1210 leukemia cells, liver or bacteria) and has uniform

properties.

To ensure maximum binding activity and affinity of the DHFR

for MTX, the reaction mixture should contain at least 50 um NADPH + H*

and 5 mM mercaptoethanol which appears to stabilize the binding

capacity of the enzyme (68). The NADPH + H” has an effect on both

the binding capacity of DHFR and the equilibrium constant for the

binding of MTX, which itself exceeds the binding affinities of en

dogenous folates and CF by several orders of magnitude. Myers et. al.

(69) used pH 6.2 for reaction, while Rothenberg et. al. (68) determined

binding to be more precisely stoichiometric at pH 4.8. Binding

is also influenced by the protein concentration of the reaction mix

ture which is significant since the dynamic range of the standard

dose-response curve is narrow, over a low concentration range, re

quiring massive dilutions (up to 1 in 10,000) (themselves sources

of error) for quantitation.

The sensitivity of the assay is 0.3 pmoles. Interference by

7-hydroxy-MTX has not been thoroughly studied though Watson et al.

(28) reported negligible interference by this metabolite in the assay

of Myers et al. (69).
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Microbiological Assay:

Microbiological assays have been described (70, 71) which

are based on the bacteriocidal or bacteriostatic effect of MTX.

These assays have good sensitivity (10 nmoles ) and a wide measurable

range (up to 50 mM) (70). They are sufficient for pharmacokinetic

studies, but the specificity is poor because both folate and certain

antibiotics interfere. A novel application of laser light-scattering

from suspensions of drug-sensitive bacteria was described by Wyatt

et al. (71).

High Performance Liquid Chromatography (HPLC):

During the past year, the highly sensitive and selective tech

nique of high-performance liquid chromatography (HPLC) has been

applied with success to the clinical assay of therapeutic MTX con

centrations. Nelson et al. (72) oxidized MTX with potassium per

manganate to 2,4-diamino-pteridine-6-carboxylic acid, the same reaction

product as obtained in earlier fluorimetric assays. This product,

along with that similarly obtained from 2-hydroxy-folate (used as

internal standard), was chromatographed on a 918 pBondapak reversed

phase column and monitored at 275 nm. The MTX obtained by protein

precipitation prior to oxidation was chromatographed and monitored

at 303 nm. The assay sensitivity of 22 pmoles (22nM) was good, in

spite of low recoveries from serum samples, and the specificity was

excellent. The presence of 7-hydroxy-MTX was not considered in this
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assay but the oxidation product should also be separable and quanti

fiable by this method.

Watson et al. (28) reported the first method for the

simultaneous assay of both MTX and 7-hydroxy-MTX, using internal stand

ardization and ion-pair extraction of the drug into organic solvents

followed by anion exchange chromatography on Partisil 10-SAX and

UW detection at 254 mm. The 7-hydroxy metabolite was isolated from

rabbit liver and purified prior to chromatography. Sensitivity for

MTX was 100 pmoles (100 nM) with standard curve linearity ranging

from 200 nM to 20 p.m.

An assay suitable for the detection of impurities in

parenteral MTX, as well as for analysis of urinary MTX and 7-hydroxy

MTX, was reported by Wisnicki et al. (73). This method employed

paired-ion (tetrabutyl ammonium hydroxide) reversed-phase HPLC on

a uBondapak 918 column with UW detection at 254 mm.

A recent modification allowing for concentration of MTX

on a short Ca-silica microparticulate column (RP8) prior to chroma

tography on an anion exchanger chemically bonded to microparticulate

silica (Partisil-SAX) with detection at 306 nm, was introduced by

Lankelma et al. (74). Plasma proteins were precipitated with

trichloracetic acid prior to adsorption of the aqueous supernatant

on the RP8 (3 cm) column. This column was then rinsed with water

(which was discarded) to remove polar compounds from the system and

the MTX was eluted onto the analytical column with phosphate buffer
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(pH 4.9)/ methanol (4:1).

Recent assays have given promise of the ability to monitor

both MTX and its major metabolite. Presently, HPLC with either UW

or fluorimetric detection appears to be the method of choice for at

taining this goal, in that

(a) it is sensitive to 10 nM MTX in serum,

(b) it is specific for both the drug and its metabolite,

(c) it can be used to differentiate clearly those com

ponents responsible for either the therapeutic or

toxic effects of parenterally-used MTX, and

(d) it is linear over the broad concentration range re

quired for accurate therapeutic monitoring of MTX.

(g) Development of an HPLC assay using UV detection for MTX:

At the time of the preliminary investigations into the

development of a suitable HPLC assay for MTX reported herein, no

HPLC methods for routine clinical analysis of MTX had been reported.

There were preparative HPLC procedures available for separating MTX

from closely-related pteridines and for monitoring purity of commercial

and investigational samples of the drug. Since then, three suitable assays by

HPLC have been published (vide supra).

The assay reported here satisfies the major requirements

of a specific assay for clinical laboratory monitoring of MTX as well

as its 7-hydroxy metabolite in serum and CSF by acheiving



32

(c)

(d)

a reasonably simple, rapid extraction and concen

tration of both serum and CSF MTX into an aqueous

"pellet",

sensitivity to 11 nM MTX with the ability to quantitate

it over the broad concentration range of 20 nM to 7 mM.

separation of 7-hydroxymethotrexate and citrovonum

factor from MTX, and

the potential to monitor accurately 7-hydroxy-MTX

concentrations.
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2. E X P E R I M E N T A L P R O C E D U R E S

Apparatus

The HPLC system used was assembled from a Model 6000A

Solvent Delivery System and a U6K Universal (closed-loop) Injector

(Waters Associates, Milford, Mass. 01757). UW absorption was monitored

at 303 nm with a Model SF 770 Wariable Wavelength Detector with an

8-pl flow cell (Schoeffel Instruments Co., Westwood, N.J. 07675),

and the response was recorded on an Omniscribe Chart Recorder, Model

A5211-1 (Houston Instruments, Austin, Texas 78753). The columns

used for reversed phase HPLC were stainless steel uBondapak C1 and8

pBondapak/Phenyl, 0.4 cm by 30 cm (Waters Associates).

Standards were weighed on a Mettler Balance (Mettler In

strumnet Corp., Highstown, N.J.). Preparative centrifugation was

performed in a Beckman J-21B Centrifuge equipped with a JA-21 Rotor

using polycarbonate tubes.

Samples were prepared for analysis in all-glass, 15 ml

nipple- or round-bottomed culture tubes with Teflon-lined screw caps

(KIMAX; Kimble Glass Works, Toledo, Ohio, 43666). Centrifugation was

done in an International Centrifuge (International Equipment Co.,

Needham Heights, Mass.) and an Eppendorf Model 5412 Microcentrifuge

(Brinkman Instruments Inc., Westbury, N.J. 11590). Reagents were

dispensed from Oxford Dispensers (0xford Laboratories, Foster City,

Ca. 94404) and Repipet" Dispensers (Lab Industries, Berkeley, Ca. 94710).
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A 100-pl Pressure-Lok" syringe with Teflon-tipped plunger (Precision

Sampling, Baton Rouge, La. 70895) was used for the injection of

samples onto the column.

Chemical S

Preservative-free Methotrexate (NSC-740, Lot #J-5192),

manufactured for the National Cancer Institute (NIH) by Lederle

Laboratories and supplied as a gift from the Drug Development

Branch of the NCI was used in the preparation of stock standard

calibrating solutions. Since this sample was determined to be

84 # 2% pure methotrexate (anhydrous) (Stanford Research Institute,

Menlo Park, Ca.), a stock standard solution was prepared by dissolv

ing 11.76 mg of sample in 100 ml distilled water to give a concentra

tion of 10 mg/100 ml. This was stored at 4°C in a sealed, brown-glass

bottle. Working standards were prepared by appropriate dilution of

this stock standard in drug-free plasma. Amethopterin (Sigma Chemical

Co., St. Louis, Mi.), MTX Standard Solution (New England Enzyme

Center, Boston, Mass.) and Injectible MTX Solution (Lederle Labora

tories) were obtained for comparisons of actual amounts and sample

purity.

3',5'-Dichloromethotrexate (NSC-29630, DCM) was a gift

from the Drug Synthesis and Chemistry Branch, Division of Cancer

Treatment, NCI, while DCM and 4-amino-4-deoxy-N(10)-methyl pteroic

aicq (APA) were generously supplied by Dr. Andre Rosowsky, Sidney
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Farber Cancer Institute, Boston, Mass. 02115. These compounds were

investigated as possible internal Standards in the procedure.

Anhydrous sodium acetate or sodium acetate. 3H20, glacial

acetic acid (Mall inckrodt Inc., St. Louis, Mi. 63147), acetonitrile

(UV grade, distilled in glass) (Burdick and Jackson Laboratories,

Muskegon, Mich. 49442), and glass distilled water were used in the

preparation of mobile phase buffers.

n-Butanol and anhydrous ethyl ether (Mall inckrodt Inc.)

used in the extraction and concentration of the aqueous/organic

sample were of analytical grade.

Preparation of Mobile Phase Buffers

Distilled water used in all solutions and solvents was pre

filtered through a 0.45 micron Millipore Membrane Filter (Millipore,

Bedford, Mass. 01720). Stock solutions of 1.5 M sodium acetate and

1.5 M acetic acid were prepared in distilled water and stored at room

temperature. A 0.15 M acetate buffer, pH 4.6, was prepared just prior

to use by mixing 50 ml each of the 1.5 M solutions of acetic acid and

sodium acetate and diluting to 1 litre with water. The pH was checked

and adjusted (if necessary) to pH 4.6. Both the 0.15 M acetate

buffer and acetonitrile were prefiltered through 0.45 micron Millipore

filters before combination for the mobile phase. The mobile phase

was prepared by adding 110 ml acetonitrile to 900 ml 0.15 M acetate

buffer, pH 4.6, and degassed (while stirring) on a vacuum line for

at least 10 minutes just prior to use.
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Sample Collection and Storage

To minimize losses of light-sensitive MTX, 10 ml of whole blood

was drawn from patients undergoing therapy into red-top Wacutainer tubes,

sealed from the light with aluminium foil, and refrigerated at 4°C.

prior to centrifugation and analysis. Samples used for method comparison

studies were frozen at -20°C. until analysis shortly after. To reduce

the possibility of endogenous or drug-related interference in the assay,

a patient sample should be drawn just prior to the administration of

MTX and assayed for background or blank levels.

Preparation and Isolation of 7-Hydroxymethotrexate

7-Hydroxymethotrexate was prepared by the method outlined by

Watson et al. (28). A fresh 65 gram liver was isolated from a New

Zealand white rabbit, minced and homogenized in a motor-driven homogen

iser in 310 mls of an ice-cold 10 mM Tris-HCl buffer, pH 7.6, containing

0.25 M sucrose and 10 mM MgCl2. The homogenate was centrifuged at

1000 g for 20 minutes at 4°C. The supernatant was separated and incubated

with 100 mg of pure MTX at 37°C. for 133 hours. The incubation mixture

was then placed in a boiling water bath for 10 minutes and the danatured

protein was separated initially by low-speed centrifugation (1000 g for

10 minutes), and then by high-speed centrifugation of the supernatant in

a Beckman JA21 rotor at 12,000 rpm (12,000 g) for 30 minutes at 200.

The supernatant containing the 7-hydroxymethotrexate was removed and

allowed to stand in the refrigerator (4°C.) for 5 days during which

time a fine white-yellow precipitate settled out. This precipitate

was then resuspended in its supernatant solution (230 mls)
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and centrifuged at 7,000 rpm (5,000 g) for 20-30 minutes at 2° C.

The supernatant was decanted and the precipitate (7-hydroxy-MTX)

was resuspended in 10 ml of water. A filtered sample of this com

pound was then chromatographed on a plbondapak/Phenyl column using

the conditions outlined in the procedure. It showed a single peak

with retention time similar to that of 7-hydroxymethotrexate.

Direct Chromatographic Procedure

In order to determine the approximate concentration of MTX

in patient samples, prior to extraction and concentration of 1 ml

of specimen, 50 plof ethanol is added to 50 plof serum to precipi

tate the protein. After 10 minutes the mixture is centrifuged in a

Brinkman Eppendorf Microcentrifuge for 1-2 minutes and 10 pil is in

jected onto the column. The detector is set at 0.4 aufs and the peak

height and approximate concentration are determined by comparison

with 2 standards of 20 pm and 500 nM.

Sample Cleanup and Concentration for HPLC Analysis

To 1 ml of patient sample and 1 ml of the appropriate standards

prepared in drug-free plasma, in disposable 75 by 12 mm borosilicate

glass tubes (KIMBLE; American Hospital Supply Corporation, McGaw Park,

Illinois 60085), 1 ml of acetonitrile was added to precipitate the

serum proteins. The tubes were vortexed, left to stand for 5 minutes,

and then centrifuged at 2000 g for 10 minutes. The entire organic/

aqueous phase (1.5-1.7 ml) was then pasteur-pippetted into 15 ml

glass, nipple- or round-bottomed screw-cap culture tubes, into which
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5.5 ml of anhydrous ethyl ether and 2.9 ml of n-butanol had already

been pipetted. The aqueous phase was extracted and concentrated by

shaking the tubes for 2 minutes and then centrifuging at 2000 g for

10 minutes. The upper (organic) layer was removed via vacuum and

the remaining aqueous phase (< 100 pl) was re-extracted with approx

imately 2.5 ml of ether. Following centrifugation and aspiration of

the ether phase, the tubes were warmed for 3-5 minutes in a water

bath at 60 - 70° C to evaporate the last traces of ether. The entire

aqueous microsample was transferred to a 1.5 ml disposable, poly

propylene tube and centrifuged in an Eppendorf Microcentrifuge

(at 12,800 g) for 2 minutes. The entire sample was quantitatively

injected onto the chromatograph. This procedure is shown in Figure 3.

Liquid Chromatography and Calculations

For chromatography, a 4 x 300 mm pHondapak/Phenyl column

at ambient temperature with a flow rate of 2 ml/min and a pressure

of 2,000 p.s. i. (14 MPa) was used. Stable solvent flow and baseline

conditions were established. The absorbance of the column effluent

was measured at 303 nm, a major absorbance maximum for MTX, and the

MTX was quantitated by comparison of peak heights with those obtained

for a three-point external standard curve, consisting of 0.11, 1.1

and 5.5 p.M (50, 500 and 2,500 ng MTX / ml).

In addition to overcoming any endogenous or drug-related

interference, the assay of a patient sample which has been drawn just

prior to the beginning of MTX therapy will ensure accuracy at the
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Take 1ml of serum (or CSF), add 1ml of acetonitrile,

centrifuge at 3,000g for 10 minutes. Transfer the

aqueous/organic supernatant.

Add the supernatant to tubes containing 5.5ml ethyl

ether and 2.9ml n-butanol. Cap tightly and shake

for 1 minute. Centrifuge.

Aspirate the organic (top) layer to waste and wash

the aqueous layer with 2.5ml ethyl ether. Aspirate

the ether layer to waste.

Place tubes in 70°C water-bath for 2-3 minutes and

shake. Centrifuge at 12,000g for 1-2 minutes and

inject the entire volume onto a pibondapak/phenyl

column.

Figure 3. Serum (&CSF) sample cleanup procedure prior to

HPLC analysis for methotrexate.
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lower limits of linearity of the method (22 nM or 10 ng MTX/ml).

Because recoveries of MTX from aqueous samples are higher than those

from serum samples, probably due to the difference in protein con

centration, patient samples with MTX concentrations greater than the

upper limit of linearity in this system (110 um at 2.0 aufs) were

either serially diluted or diluted by bringing microsamples (50 or

100 ul) of their serum up to 1 ml with drug-free plasma prior to assay.

MTX was identified on the basis of retention time by com

parison with external standards. MTX and 7–0H-MTX are well resolved

in this system on the pBondapak/Phenyl column.

Competitive Protein Binding Assay (Comparison)

Patient samples for comparison of results were collected

and first analysed by the competitive protein binding assay of

Myers et al. (69).
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3. R E S U L T S

1. Analytical Wariables:

(a) Evaluation of Column and Mobile Phase Composition

Initial investigation to determine suitable conditions for separ

ation and detection of picomole amounts of MTX relied on the use of a column

and mobile phase components which were already in use in the Clinical

Pharmacokinetics Laboratory. This resulted in a procedure using a

HBondapak/C18 reversed phase column at ambient temperature with an eluent

composed of 2 mM phosphate buffer (pH 6.8):acetonitrile (97:3) and a flow

rate of 2 ml/minute. The detector was set at 303 mm. Evaluation of this

procedure showed MTX had a retention time of 6 minutes and the standard

curve was linear over the range tested for aqueous MTX solutions (0.055 to

1.32 pm), as well as for both aqueous- and serum-based standards over the

same range. Samples were extracted, following acetonitrile precipitation

of the serum proteins, with an ether: n-butanol mixture of 5 ml ether and

2.1 ml n-butanol. Recoveries from serum-based extracts were about 66% of

those from aqueous standards and these, in turn, were about 90–95% of those

from injected standards.

However, using the parameters described above the MTX peaks were

broad and occasionally the retention time for extracted MTX from serum

was reduced to 80–85% that obtained with aqueous injected standards. This

chromatographic behaviour necessitated investigation of a different column

with different chromatographic conditions. A pBondapak/Phenyl column was

eventually selected.
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0.015 M to 0.75 M sodium acetate buffers with pHs ranging from

3.6 to 5.6 and 4 to 10% acetonitrile were used in various combinations to

optimize mobile phase conditions for the separation and sensitive detection

of MTX. A comparison of the results obtained under these conditions is

shown in Figure 4. The serum-based extractions gave linear response over

0.11 to 0.88 um but straight aqueous MTX standard injection gave curvi

linear response in all of the above systems. Optimal mobile phase conditions

were achieved with 0.15 M sodium acetate buffer (pH 5.6):acetonitrile (90:10).

This system showed good linearity and sensitivity but recoveries of only

50 to 60% from serum-extracted standards over the range 0.022 to 2.2 uM.

However, analysis of samples from patients undergoing high-dose MTX therapy

showed a peak with retention time 5.2 mins. which was unresolved from and

interfered with the peak for MTX at 5.8 mins. (Figure 5).

A sample of 7-hydroxymethotrexate prepared as outlined in the

procedure showed a single, sharp peak with retention time of 5.2 mins. and

this was unresolved from that for MTX. When the pH of the mobile phase was

changed to 5.0 the retention time of the 7–0H-MTX peak changed to 9.1 mins.

while the retention time of MTX changed to 8.1 mins. The peaks were still

unresolved but the peak of 7–0H-MTX had moved further from the solvent

front than that of MTX by lowering the pH only. Therefore, the pH was

further lowered to 4.6 and 7-0H-MTX had a retention time of 10.0 mins. While

MTX had a retention time of 7.2 mins. Thus, resolution of MTX and 7–0H-MTX

was achieved with a mobile phase of 0.15 M sodium acetate buffer (pH 4.6):

acetonitrile (90:10) on a pBondapak/Phenyl column. These results are

shown in Figure 6. Samples from patients on high-dose MTX therapy showed

a single peak for MTX while the second major peak with a retention time the

same as that of 7-0H-MTX was well resolved (Figure 7).
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Figure 4. A comparison of peak heights (in mm) obtained with 50-400 no of "TX

extracted and concentrated with ether: n-butanol from 250Ll of serum, and chromato
graphed on a MBondapak/phenyl column using the following mobile phases:

(A) 0.
(B) 0
(C) O
(D) 0
(E) 0
(F) 0
(G) 0

Column conditions :

75' Acetate buffer, pH 3.6 and 10° acetonitrile,
. 75' Acetate buffer, pH 4.6 and 10° acetonitrile,
.75M Acetate bufferm PH 5.6 and 10° acetonitrile,
.375M Acetate buffer, pH 5.6 and 10° acetonitrile,
. 15!' Acetate buffer, pH 5.6 and 10° acetonitrile,
.075' Acetate buffer, pH 5.6 and 10° acetonitrile,
.015M Acetate bufferm pH 5.6 and 10° acetonitrile.

Flow rate: 2 ml/min, Detector: 303 nm and 0.02 a.u. f. S. ,
Chart speed: 0.5 cm/min.
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Figure 5. Chromatograms of (A) standard methotrexate (peak a and

(B) extracted serum from a patient on high-dose methotrexate

therapy, with interfering peak (b). Chromatographic conditions:

Mobile Phase: 0.15" acetate buffer, pH 5.6/10% acetonitrile, flow

rate: 2ml/min. , Column: uBondapak/phenyl, wavelength: 303mm,

Sensitivity: 0.02 a.u. f.s., Temp. ; ambient, Chart speed : 0.5cm/min.
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Figure 6. Chromatograms of Methotrexate (MTX) (Upper, peak a) and a mixture of MTX
(peak a ) and 7-hydroxymethotrexate (7-OH-MTX, peak b) (Lower) using three mobile phases,
A: 0.15M Acetate buffer, pH 5.6/10% acteonitrile,
B: 0.15M Acetate buffer, pH 5.0/10% acetonitrile, and
C: 0.15?? Acetate buffer, pH 4.6/10% acetonitrile.

Other chromatographic conditions were the same as in Figure 5.
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(b) Sample Cleanup and Concentration Procedures

Because the desired detection limit of 10 picomoles of MTX

was close to the sensitivity limit of the detector, it was necessary to

start the assay with 1 ml of serum and to extract as efficiently as possible

all the MTX in that volume. Both perchloric and trichloracetic acids and

solvent precipitation techniques were analysed with the latter being found

simple and rapid.

In order to concentrate the aqueous/organic supernatant

obtained from acetonitrile precipitation, several solvents were tried

alone and in combination. Acetonitrile was readily miscible with ether,

and n-butanol was known to have 'water-absorbing' properties. Five volumes

of ether appeared to be sufficient to absorb all the acetonitrile from the

Supernatant and the ratio of ether to supernatant did not appear to be

critical. Variations in the amount of n-butanol added to the ether fraction

were critical, with increasing volumes of n-butanol causing a reduction

in the aqueous volume recovered, but showing no concomitant reduction in the

recoveries of MTX in the aqueous fraction (Table 1). Because of the

possibility of rapid loss of column efficiency due to column overload from

injecting large amounts of extracted serum samples onto the microparticulate

columns, the volume of this aqueous fraction should be minimal. Therefore,

in order to reduce the aqueous volume recovered for injection onto the

column and to assess the effects of sample pH prior to protein precipitat

ion and extraction, the volume of n-butanol used was increased to 2.5 ml.

The results are shown in Table 2. From these, it can be seen that

recoveries from serum samples containing 0.66 um MTX are much lower than

those from buffered aqueous samples and because of this difference serum

based samples should be used as standards in this assay.



TABLE 1.

Recoveries of 0.66uM MTX added to both aqueous and serum samples
and extracted using a single extraction mixture of 5ml ethyl ether and
increasing amounts of n-butanol".

Volume Volume ml S RECOVERIES of MTX
and recovered butanol Peak Ht. puM %

Sample (pl.) (mm)

1ml Of 2mm 386 1.7 199 0.62 94
phosphate
buffer, 256 2.1 202 0.63 95
pH 7.0

180 2.5 194 0.605 92

148 2.5 192 0.598 91

1ml pooled, 186 1.7 128.5 0.40 61
MTX-free

plasma 198 1.7 132 0.41 62

275 1.4 129 0.405 61.3

344 1.1 123 0.38 57.7

1ml Patient
A 310 1.8 124 0.385 58

B 270 1.8 107 0.33 50

C 240 1.8 100 0.31 47

D 210 1.8 101 0.312 47.3

d Chromatographic conditions: Mobile Phase of 0.15M Acetate buffer,
pH 5.6/ 9% acetonitrile; pubondapak/phenyl column, ambient temperat
ure; detector at 303 mm and 0.02 a.u. f. S.; flow rate, 2ml/min;
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TABLE 2.

Recoveries of 0.66pM MTX added to 1 ml of different buffers at
different pH's as well as to patients sera at pH 7.4. Extraction was
with 5ml ethyl ether and 2.5ml of n-butanol".

SAMPLE Wolume RECOVERIES of MTX

(1ml) recovered
(pl.) Peak Hit. pM %

(mm)

0.15M Acetate, 190 133 0.475 72
pH 3.7

" , pH 4.7 192 151 0.54 82

" , pH 4.7 200 151 0.54 82

" , pH 5.3 200 157 0.56 85

2mM Phosphate,
pH 6.0 170 140 0.50 76

" , pH 6.9 184 154 0.55 83.3

Patient A 107 99 0.354 53.7

Patient B 152 113 0.405 61.3

Patient C 150 90 0.323 49

d Chromatographic conditions: same as in Table 1.
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Table 3 illustrates recoveries of MTX from 1 ml of serum using

various extraction procedures with ether and n-butanol. Ethyl acetate was

compared with ether while the volume of n-butanol was kept constant in the

extraction mixture and the results of these are shown in Table 4.

(c) Detector Wavelength and Linearity of Response

The ultraviolet absorption spectra of MTX in 0.1N HCl and in

0.1N NaOH are shown in Figure 8. The molar absorptivity of MTX was

calculated and compared with reported values (78) at different wavelengths;

this is shown in Table 5. To reduce interference and increase sensitivity,

303 nm was chosed as the most sensitive and selective wavelength for

detection.

The noise level of the detector was approximately 1.5 mm at

0.02 absorbance units full scale (a.u. f.s). The stated sensitivity of

the detector was 0.01 a.u. f.s. while the linearity of its response was

established and monitored by the daily injection of aqueous standard MTX

with concentrations ranging from 0.044 to 22 uM. This is shown in Figure 9.

2. Final Chromatographic Conditions:

Under the final set of chromatographic conditions selected,

MTX and 7–0H-MTX had retention times of 6.0 and 8.4 minutes, respectively,

giving a retention time ratio (7-OH-MTX:MTX) of 1.4. The final

conditions were:

Column: LBondapak/Phenyl

Mobile Phase: 0.15 M sodium acetate buffer (pH 4.6):
acetonitrile (89:11)

Temperature: Ambient



TABLE 3.

Recoveries of 0.66uM MTX from 1ml of serum precipitated with
different amounts of acetonitrile, and extracted with 8ml of ethyl
ether and varying amounts of butanol".

Wolume of
-

Method of Extraction Acetonitrile RecoVeries Of MTX

Used (mls) pM %

8ml Ether + 2.1ml n-butanol 1.5 0.332 50.3

0.387 58.7

8ml ether + 1.9ml n-butanol 1.5 0.352 53.3

8ml ether + 1.7ml n-butanol 1.5 0.337 51

8ml ether + 2.1ml n-butanol 1.0 0.343 52

0.343 52

8ml ether + 2.1ml n-butanol, 0.315 47.7
followed by 2.5ml ether 1.5

extraction. 0.337 51

*Chromatographic conditions: same as in Table 1.



TABLE 4.

Recoveries of 0.88pM MTX from 1ml serum precipitated with 1ml of
acetonitrile and extracted with:

A. 8ml ether + 2.1ml n-butanol,

B. 5ml ether + 2.1ml n-butanol,

C. 8ml ethyl acetate + 2.1ml n-butanol, and
D. 5ml ethyl acetate + 2.1ml n-butanol".

Method of Extraction Wolume Recoveries of MTX
recovered

(ul) HM %

A 150 0.46 52.3
180 0.50 57

B 140 0.45 51
130 0.42 47.5

C 60 0.41 46.8
0.40 45.3

D 50 0.39 45

d Chromatographic conditions: same as in Table 1.
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TABLE 5.

Calculated and theoretical values for the Molar Absorptivity of
Methotrexate in (a) acid and (b) basic solutions, calculated at

the absorption maxima of each spectra.

Molar Absorptiyity
Solution (l. cm−1 mole-1)

Wavelength Calculated Wavelength Theoretical
(nm) Walue (nm) Value (78)

(a) MTX in 0.1N HCl 307 22.9 by 10° 307 21.6 by 10°

244 19.2 by 10° 243 18.1 by 10°

(b) MTX in 0.1N NaOH 302 24.35 by 10° 303 24.8 by 10%

260 24.9 by 10° 258 24.7 by 10°

224 22.3 by 10%
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Figure 8. The Ultraviolet absorption spectra of Standard methotrexate

(a) in 0.1N HCl and (b) in 0.1N NaOH.
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Flow Rate: 2 ml/minute

Detector Wavelength: 303 mm

Detector Sensitivity: 0.02 to 2.0 a.u. f.s.

Chart Speed: 0.5 cm/minute

Figure 9 shows typical chromatograms of a blank serum, a

fortified standard serum, and several samples from the same patient post

HDMTX-CF therapy. The peak for what is considered to be the major

metabolite (7-0H-MTX) was of varying height and usually broader than the

MTX peak.

3. Standard Curves, Linearity and Sensitivity Studies:

Peak height and concentration were linearly related over the

range 0.022 to 22 p!M MTX (10 ng/ml to 10 ug/ml) for both extracted and

unextracted MTX (Figure 10). Concentrations higher than 22 uM were not

determined by adding aqueous standard MTX to serum prior to extraction,

as this changed the protein concentration and, thus, the extraction

efficiency for MTX. Instead, linearity in the range of 22 um to approx

imately 8.0 mM MTX in serum was determined by diluting 8 mM MTX in serum

with MTX-free plasma to give concentrations in the range of the standard

curve (Table 6). Drug-free plasma was also fortified to 7 mM with MTX

and serially diluted to determine linearity with high concretrations.

These results are shown in Table 7.

4. Sensitivity:

The sensitivity of the procedure can be expressed as either

(a) that of a peak height equal to three times the level of baseline noise,
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Figure 9. Methotrexate Standard Curves obtained with (A) "TX injected directly, and
(B) MTX extracted from serum.
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Figure 10. Typical chromatograms of (A) Standard MTX injected directly onto chromatograph, (B) Extracted serum Blank,

(C) Extracted serum sample from a patient mid-infusion of HDMTX therapy, and (D) Extracted serum sample from same patient
Mobile phase: 0.15" Acetate buffer, pH 4.6/10° acetonitrile,

Flow rate: 2 ml/min., Temperature: ambient, Column: uBondapak/phenyl, Detector wavelength 303 nm, Detector sensitivity:
varied from 0.02 to 2.0 a.u. f. s.

7 hours post-infusion of HDMTX. Chromatographic conditions:

Chart speed 0.5 cm/min. Retention time of MTX (Peak a j = 6.1 mins.
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TABLE 6.

Comparison of methotrexate concentrations obtained by diluting decreas
ing volumes of the sera of two patients (A and B) with appropriate
volumes of MTX-free plasma to make 1ml of diluted sample”.

patient Dilution of Concentration Final Concen- %

Sample *::::: Of * trº of Recoverymea SUY’e ample

1 in 11 48.35 u■■ 48.35 HM 100

A 1 in 22° 24.20 HM 48.40 uM 100.1

1 in 55° 9.70 uM 48.50 pm 100.3

meat 7. 964 mM 7. 964 mM 100

4 in 5 5.984 mM 7.48 mM 93.9

B 3 in 5 4.310 mM 7.190 mM 90.30

1 in 2 4.136 mM 8.27 mM 103.8

1 in 5 1.487 mM 7.436 mM 93.4

1 in 10 0.8096 mM 8.096 mM 101.7

a Chromatographic conditions: uBondapak/Phenyl column; 0.15M Sodium
Acetate buffer, pH 4.6/10% acetonitrile; flow rate, 2 ml/min. ; Wave
length, 303mm; chart speed, 0.5 cm/minute; attenuation, varied –
according to concentration measured; temperature, ambient.

P 0.5ml of 1 in 11 dilution + 0.5 ml MTX-free plasma.

Sº 0.2ml of 1 in 11 dilution + 0.8ml MTX-free plasma.
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TABLE 7.

Comparison of observed and expected concentrations of methotrexate
recovered after serial dilution of a 6.6m/M (fortified) serum sample

With MTX-free plasma".

SAMPLE Dilution Concentration of MTX (uM)

Observed Expected recºr,

1 neat
- -

6,600
- -

2 1 in 11
--

600
--

3 1 in 66 91.85 100 91.9

4 1 in 726 9. 57 9.09 105.3

5 1 in 7986 0.79 0.826 95.6

6 1 in 87846 0.0825 0.075 110

* Chromatographic conditions: same as in Table 6.
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or (b) that level of extracted MTX which can be quantitated with acceptable

precision. By the former definition the sensitivity was 11 picomoles

(11 nM) using 1 ml of serum and could probably be extended using larger

volumes of serum. By the latter definition the sensitivity was 22 picomoles

(22 nM) with a CW of 6.2% (n=6). 11 nM MTX in serum gave peak heights of

approximately 10 mm (retention time = 5.4 mins.) on a new HBondapak/Phenyl

column. The precision of the procedure with full extraction at 11 nM has

not been established.

5. Accuracy and Analytical Recovery:

MTX was identified on the basis of retention times by comparison

with standards. The assay depends upon the use of serum-based external

standards and assumes that the # recovery of MTX from patient samples is

the same as that of standards from pooled plasma. This can be checked

using radiolabelled MTX. From Figure 9 the # recovery was estimated by

comparison of a range of standards (0.11 to 11 uM) extracted from serum

with those injected directly onto the column and this was 70 * 5.4%

(CW = 7.7%, n = 7).

Because of variable recovery, and in order to simplify the assay,

3',5'-dichloromethotrexate (DCM) and 4-amino-4-deoxy-N"-methylpteroic

acid (APA) were investigated for their potential as internal standards.

Their retention times and peak shape characteristics (shown in Figure 11)

Were:
Sample Retention time Peak Characteristics.

(mins.)

Pterin-6C00H

Citrovo rum Factor

In solvent front

: :MTX Good

APA 1 Too broad

DCM 30. Poor – extreme band

spreading
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Figure 11. Chromatograms of (A) Citrovonum Factor, (B) MTX Impurity, (c) MTX,

(0) Impurity of 4-amino-4-deoxy-N'-methyl pteroic acid (APA), (E) APA, and
(F) Dichloromethotrexate.
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6. Purity of MTX:

Any assay is only as maximally accurate as the standard used

and so four samples of MTX from various sources were analysed and compared

with MTX obtained from the National Cancer Institute (NCI). Figure 12

shows the comparative chromatograms of MTX from the following sources:

A. National Cancer Institute (Lederle, Investigational),

B. Injectible MTX solution (Lederle),

C. New England Enzyme Center (NEEC), and

D. Sigma (amethopterin).

Table 8 shows the percentage purity of the samples when compared to

sample A. As seen in Figure 12, the chromatogram of sample C contains

more peaks prior to the MTX peak than any of the other samples. This

suggested that MTX from sample C was grossly impure (Figure 13). None

of the impurities was identified.

Sample C, when first obtained and chromatographed directly,

was shown to contain 75-80% of that amount of MTX in sample A. However,

over a period of one to two months, the chromatographic behaviour of

sample C changed so that direct injection gave peak heights of 30-35%

of those obtained with sample A. Both samples were aqueous solutions

kept at 4°C. Indeed, when various amounts of sample C and sample A were

extracted from fortified serum and chromatographed, sample C gave

recoveries of 30-35% of those of sample A. Retention times and peak

heights were the sole parameters used for this comparison of MTX

concentrations (Figure 13).
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TABLE 8.

Comparison of the percentage purity (relative) of 4 samples of MTX

obtained from different sources when analysed by reversed-phase HPLC?.

Average, PeakSample and Source ºb Percentage

AC 192 100

Bd 203. 3 105.9

ce 153.3 79.8

Df 168 87.5

* Chromatographic conditions: same as in Table 6, except attenuation =
0.40 a.u. f. s.

bObtained from injecting 90ml of a 220mM aqueous solution of MTX

* National Cancer Institute (Lederle), Investigational, 855 pure.

d Injectible MTX solution (Lederle).

e New England Enzyme Center (NEEC).

f Sigma (amethopterin), dissolved in dilute NaOH.
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Figure 12. Chromatograms of samples of Methotrexate from various sources.

Sample A: Investigational HTX (85% pure), National Cancer Institute (made by Lederle), 220 m”,

Sample B: Injectible "TX solution (Lederle), 220 m?!,

Sample C: Standard MTX Solution (New England Enzyme Center), 220 mM, and

Sample D: Amethopterin, 220 mM.

Retention time, HTX = 6.5 minutes. Chromatographic conditions are as in Procedure.
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Figure 13 . Chromatograms of 300ng of MTX from

(A) New England Enzyme Center and (B) National

Cancer Institute (NCI) (Lederle), Investigational.
Chromatographic conditions are as in the method.
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7. Precision:

(a) Within-day

The method described gave good precision at concentrations of

MTX corresponding to those at the lower end of the 'therapeutic' range

(20 nM to 2 mM) which are important in the citrovonum rescue of the patient

(Table 9). This study used multiple aliquots of serum standards at 0.103

and 1.85 um MTX concentrations. The precision at the lower limit of

sensitivity of the assay (i.e. 22 nM) is also included in Table 9.

(b) Between-day

Between-day precision studies yielded coefficients of variation

(CW) of 13.4% and 7.7% at mean concentrations of 0.103 and 1.85 pm,

respectively. These are shown in Table 10. Table 11 summarises data on

the precision of retention times of MTX and 7-OH-MTX and the relative

retention time ratios of the metabolite to MTX.

8. Interference Studies:

Patients undergoing high-dose MTX therapy are generally on a

combination of drugs. Potential drug interference in the assay was

studied by (a) comparison of the retention times obtained by direct

injection of the pure drug and MTX analogues (Table 12) and (b) assaying

extracted serum samples from patients receiving the drugs listed in

Table 13. From the analysis of pure compounds (Table 12) it can be seen

that the only interference with the MTX peak came from hydralazine. None

of the extracted sera from patients taking the drugs in Table 13 showed

any interfering peaks. However, an interfering peak with retention time of

5.3 min. (compared to that of MTX = 6.0 minutes) was found in extracted



TABLE 9.

d
Precision of the HPLC assay for MTX using external standardisation.

Concentration n Reproducibility (C.W.)
pM (£SD)

o

0.022 # 0.0013 6 6.2

0.103 f 0.0053 13 5.18

0.103 - 0.004 8 3.86

1.850 f 0.065 11 3.5

d Within-day precision.

TABLE 10.

Between-day precision of the HPLC assay for MTX using external
standardisation.

Concentration n Reproducibility (C.W.)
uM (#SD) %

0.103 : 0.013 13 13.4

+
1.850 - 0.141 12 7.7
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TABLE 11.

Day-to-day precision of the retention times of MTX and 7-OH-MTX,

as well as of the retention time ratio (7-OH-MTX:MTX)

Retention time n C.W., 7%
(minutes)
mean f SD

MTX 5.88 f 0.30 6 5.1

7-OH-MTX 9.385 # 0.62 8 6.6

7-OH-MTX + d

-WHY- 1. 495 : 0.051 16 3.4

* Retention time ratio.



TABLE 12.

Retention times obtained by direct injection of drugs and MTX

analogues followed by chromatography as outlined in the procedure.

COMPOUND Retention time (mins.)

4-amino-4-deoxy-N'-methyl 14.7 (2%)
pteroic acid (APA) 17.6 (95%)

42.4 (3%)

N-Acetyl procainamide 3.3

Al domet 2.4

CitrovOrum Factor 2.8

Codeine N.D."

5',5'-dichloromethotrexate (DCM) 32.4

Dihydrotachysterol N. D.

Hydralazine 2.1 (minor)
5.2 (major)

7-Hydroxymethotrexate 8.8

Lidocaine N. D.

Mepivicaine N. D.

METHOTREXATE 6.0

Metronidazole 2.7

Normeperidine N. D.

Procainamide 2.5

Propranolol N. D.

Quinidine N. D.

R07-05-82 2.5

Salicylamide 5.0

Sodium salicylate 4.6

Sulfamethoxazole 17.3

Trimethoprim 10.7

*Not detected.
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Drugs received by patients whose sera, on analysis, showed no

TABLE 13

interference in the HPLC assay for MTX.

Acetaminophen

Adriamycin

Alupent

Ampicill in

1- -D-arabinofuranosyl
cytosine (ara-C)

Bactrim

1,3-Bis(2-chloroethyl)
-1-nitrosourea (BCNU)

Bronchosol

Cimetidine

Citroworum Factor

Compazine

Coumadin

Dalmane

Decadron

Digoxin

Dilantin

Dil audid

Doximate

5-Fluorouracil

Gentamycin

H.C.T.Z.

Heparin

Hydrocortisone

Insul in

Isoproterenol

Lomotil

Lasix

Maalox

Mebrol

Mitomycin C

Morphine

Mycostatin

Nembutal

Peni Cill in G

Prednisone

Primidone

Procarbazine

Solumedrol

Streptomycin

Talwin

Terbutyline

Tetracycline

Theophylline

Thiotopa

Thyroxine

Walium

WinCristine
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serum from 4 patients receiving hydralazine in addition to drugs that had

already been ruled out as interferers. It can be concluded that hydral azine

caused substantial assay interference but the extent of this interference

was variable based on the hydral azine dosage schedule.

9. Method Comparison:

Forty-three specimens taken from patients at various times

after moderate and high-dose MTX infusion were analysed by both the CPB

assay (69) and this assay. Samples ranged from mid-infusion to 192 hours

post-infusion and all but one (which was CSF) were serum. The results of

this comparison, shown in Table 19, were used for regression analysis.

Linear regression analysis of all the values gave a y-intercept of -0.78,

a slope of 1.26 and a correlation coefficient (r) of 0.994 while similar

analysis of all values less than 20 um gave a y-intercept of 0.019.

This probably indicated a non-linear regression curve. However, because

of the 10,000-fold concentration range of patients' results, it was

practically impossible to compare the values on a linear graph. Instead,

they were compared on a log scale (Figure 14) and regression analysis of

the log values for the patients' results gave a y-intercept of 0.013, a

slope of 0.94 and a correlation coefficient of 0.98. Most of the data

points were above the line of perfect correlation between the two assays

indicating a negative bias in the results. These was considerably more

scatter in the values of less than 100 nM.

This assay separated and thus allowed quantitation of both

MTX and 7–0H-MTX. While the presence of 7-OH-MTX was observed in all

serum samples post-HDMTX-CF therapy, this was not the case in each of the



TABLE 19

Comparison of MTX concentrations obtained by the Competitive

Protein Bindine assay (69) and the HPLC assay for 43 patient

samples taken at various times post-infusion of high- and

moderate-dose MTX.

Patient Hours post- MTX (uM)
infusion

CPB method HPLC method

J. B. 12 0.054 0.013

B. T. 72 0.014 0.022

P. H. 22 0.110 0.073

A. C. 35 0.21 0.143
57 0.030 0.036

2 2 0.035 0.043

F.W. 43 0.19 0.187
60 0.078 0.049

1. (CSF) 0.50 0.495

H. N. 21 0.42 0.020

B.W. 24 0.198 0.117

T. W. 6 0.93 0.528
24 0.027 0.014

M. H. 192 0.048 0.010

M. J. 31 0.144 0.157

M.A. 24 0.24 0.242

R.W. 23 0.124 0.264

(cont.)
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TABLE 19 (cont.)

Patient Hours post- MTX (uM)
infusion. CPB method HPLC method

B. F. 0 17.6 17.0
6 1.7 1.05

J. B 6 1.7 1.412

P. H. O 11.0 9.3

A.C. 11 11.0 7.88

A. B. 0.035 0.043

C. D. 1.55 1.53

E. F. 18.4 16.9

F. W. 24 2.0 1.5

H. N. –33 4.7 3.2

B.W. O 12.6 7.7

T. W. 0 2.4 4.17

M. J. 14 6.8 5.78

L. D. 12 11.2 10.6

L.W. 0 10.0 9.08

6 2.55 2.024

S. L. 30 11.6 8.57

54 4.0 3.06

A. N. –3 5.0 4. 22

M.A. –3 5.8 5.02

R.W. 1 12.0 14. 44

6 4.1 4.33

(cont.)
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TABLE 19 (cont.)

Patient Hours post- MTX (HM)
infusion CPB method HPLC method.

A.C. 0 790 637

L. D. –3 580 533

S.L. –3 860 606

7 250 203

d "-3" denotes a sample drawn at mid-infusion.
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CSF samples analysed from four different patients. It is suggested that

the metabolite does not cross the blood-CSF barrier once it has been formed

in the liver although this has not been adequately studied because of the

inability of most previous methods to monitor levels of both the parent

drug and its metabolite. Since pure 7–0H-MTX was not available as a

standard for peak quantitation, the relative peak areas (RPA) of

7-OH-MTX:MTX (calculated as peak height by the width at half peak height)

were determined to compare the pattern of metabolite formation and

excretion in a number of patients. The results from fifteen patients

are shown in Table 20. Figure 15 showed that in the patients monitored

for up to 60 hours post-HDMTX infusion the RPA of 7-OH-MTX:MTX increased

progressively for every patient.

The molar concentration of 7-0H-MTX could be calculated

accurately by extrapolation using the MTX concentrations if:

(a) the molar absorptivities of both compounds were the

same (or known) under the experimental (chromatographic)

conditions used in the assay, and

(b) the extractabilities of 7-OH-MTX and MTX from

patients' sera were similar (or known).

The ultraviolet absorption characteristics for 7-OH-MTX are shown in

Table 21. From these and the values shown in Table 5 it appeared that

the molar absorptivities of both MTX and 7-OH-MTX in the system used

would be high and within 15% of each other. There are no figures on the

% recovery of 7–0H-MTX in the extraction/concentration system used. In

spite of these inadequacies, it would appear that the comparison of peak

areas of metabolite and drug affords limited analysis of the half-lives

of both compounds.



TABLE 20.

A comparison of the Peak Area Ratio of 7-OH-MTX:MTX with the

MTX concentration at various times after high-dose MTX therapy

for fifteen patients.

patient Hours post- MTX 7-OH-MTX (Peak Area)
infusion (pM) MTX

S.L. –3 606 0.011

7 203 0.20

30 8.57 0.452

54 3.06 0.412

R.W. 1 14. 44 0.003

6 4.33 0.196

23 0.264 1. 135

M. A. –3 5.02 0.357

24 0.242 1.215

–3 5.05 0.216

0 3.11 0. 518

23 0.079 1.52

42 0.022 2.38

F. W. 24 1.5 5.56

43 0.187 10.4

T. W. 0 4.17 0.103

6 0.528 0.313

M. J. 14 5.775 4.24

31 0.157 13.0
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TABLE 20 (cont.)

Patient Hours post- MTX 7-OH-MTX(Peak Area)
infusion (uM) MTX

H. N. –3 3.2 0.235

21 0.02 5.13

4.47 0.21

0.47 2.3

0.094 2.93

L. D. –3 533 0.078

12 10.6 2.515

10.3 4.74

0.202 35.8

B. W. O 7.7 0.09

24 0.117 0.732

A.C. O 637 2.223

11 7.88 3.47

35 0.143 26.65

57 0.036 47.7

P. H. 0 9.3 0.217

22 0.073 15.9

0 7.09 0.16

7 1.49 1. 40

24 0.142 4.71

B. F. O 17.0 0.03

6 1.045 0.215

(cont.)
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TABLE 2.0 (cont.)

Patient Hours post- MTX 7-OH-MTX (Peak area)
infusion (HM) MTX

M. Y. 31.6 0.017

2.94 0.020

0.048 1.17

T. W. 0 7.99 0.70

6 3.54 1.512

17 0.78 3.88

24 0.08 6.49

M. D. F. 0 1000 0.189

0.032 41.4
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TABLE 21

Ultraviolet absorption characteristics of 7-hydroxymethotrexate

(7-OH-MTX) in acid, basic and neutral solutions (31).

7-OH-MTX Solution Wavelength Molar Absºrptivity
CmTmm mole"

(a) In 0.1N HCl 334 11,750

300 18,200

218 30,200

(b) In 0.05M Tris 340 12,023

buffer (pH 7) 303 19,500

261 10.965

224 16, 982

(c) In 0.1N NaOH 337 13,490

308 20,417

260 11,750

223 34,674
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4. D I S C U S S I O N and S U M M A R Y.

Sensitive and specific methods available for use in the

quantitation of MTX (and 7-0H-MTX) in plasma and CSF (depending on the

laboratory facilities available) have been outlined. The combination of

solvent extraction and concentration, reversed phase partition mode of

liquid chromatography, and UV detection for the separation of MTX, CF

and 7-0H-MTX has yielded a rapid, practical and specific quantitative

method for analysis of nanomolar amounts of MTX in serum and CSF. The

method putlined here has definite application in laboratories with simple

HPLC equipment (but with variable wavelength detection) for the sensitive

monitoring of both MTX and 7-0H-MTX levels during high-dose infusion. It

has been optimised with respect to (a) sample cleanup and concentration,

(b) mobile phase composition (e.g. polarity, pH and electrolyte concentrat

ion), (c) column selection, and (d) detector wavelength, to yield

adequate retention times and peak shapes for MTX and its major metabolite

in serum, and to measure concentrations typical of those required in the

'therapeutic' monitoring of high-dose MTX-CF therapy.

Acetonitrile effected more rapid and complete protein

precipitation in serum than either ethanol or methanol. However, using

serum samples containing MTX, increasing volumes (5-50 ul) of the

acetonitrile supernatant injected onto the chromatograph did not give

linear increase in peak heights of the MTX detected. This was not the

case with ethanol supernatants which showed linearity of recorded MTX

peak heights. The cause of this effect is not known.
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Ethylene dichloride, methylene dichloride, ethyl acetate and

ethyl ether were investigated in the extraction of the acetonitrile from

the supernatant formed in the protein precipitation step. Since it would

be easier to recover quantitatively the aqueous fraction if it remained

below the organic layer, ethyl ether was the solvent of choice. In order

to concentrate the MTX in the aqueous phase and at the same time reduce to

a minimum the volume to be injected onto the column, an organic phase with

a large content of strongly hydrogen-bonding agent (e.g. n-butanol) was

chosen. The volume of n-butanol was adjusted so that maximum recovery of

MTX could be achieved in a minimum volume of the aqueous phase for injection

onto the column to maintain efficiency of separation and longer column life.

Organic acids and bases are traditionally extracted from

biological material in the uncharged form. MTX is amphoteric in nature

with pKa's less than 7.0 and the pH optimum for extraction of MTX from

buffered solutions was found to be about 7.0. Although the partition

coefficient is highly dependant on the hydrogen bonding ability of the

solvent (e.g. hydrophilic substrates favour extraction in strongly

hydrogen bonding solvents such as ethyl acetate), the difference between

the recoveries of MTX from the aqueous phase (about 90-95%) and those

from serum (about 70%) has not been explained. The missing 30% may be

lost by adsorption on the removed proteins, but heating the sample during

the protein precipitation step did not increase recoveries significantly.

This may be due to the physical trapping of MTX by the protein precipitate.

This could be verified by using *H-MTX and counting the protein precipitate

for radioactivity.
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The most common hydrocarbonaceous moiety bound to the surface

of the silica station phase is a C18 alkyl chain. Prior to studies on the

HBondapak/Phenyl column, and using isocratic elution with a uBondapak/C18

column, it was found that with nearly optimal conditions of buffer pH and

molarity and acetonitrile concentrations, MTX showed poor peak characteristics.

The uBondapak/Phenyl column has proved to be superior to the octadecyl silane

type column for the efficient separation of MTX and 7–0H-MTX in serum and

CSF.

In the ultraviolet spectrum of MTX, the adsorption maximum

at 303-307 nm is due to the p-aminobenzoyl glutamic acid moiety. Use of

this wavelength for the assay increases both the sensitivity and

selectivity over that obtainable at 240-260 nm. 7–0H-MTX also showed

an absorption maximum at 303 nm with a molar absorptivity close to that

of MTX (28,31). As expected, the oxidized product of MTX (pterin-6-

carboxylic acid) showed little absorption at this wavelength.

The lowest limit of sensitivity useful in the assay (22 pico

moles MTX/ml serum) was established using 0.02 a.u. f.s. and 1 ml of

serum. If increased sensitivity was required, larger volumes of serum

could be extracted and the detector attenuation lowered to 0.01 a.u. f.s.

for analysis.

The method was linear over a broad concentration range of

MTX (0.022 to 22 uM and appeared to be linear up to 7 mM since samples up

to this concentration could be serially diluted to shoe linearity. Within

day precision was good but day-to-day precision, using different columns

of different efficiencies, was poor. The source of the standard MTX used
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needs to be monitored for sample purity and concentration. The reason for

the decrease in the MTX concentration in the standard solution supplied by

the New England Enzyme Center (from 80% of the NCI standard to 30-35%) is

unknown.

Hydralazine appeared to be the only drug analysed which

caused major interference in the assay, although more compounds still

require investigation. This finding confirms the need for the clinical

laboratory performing the analysis to know what medications the patient is

on at the time the sample is drawn.

The results by the HPLC method appear to be generally lower

than those obtained with the CPB method. At the lower end of the concentrat

ion range (less than 100 nM) the CPB method appeared to show a systematic

error. Regression analysis of both linear and log values obtained showed

good correlation between the HPLC and the CPB methods. The difference

between the slope and intercept values obtained by both linear and log

regression analysis probably reflected the non-linear relationship between

the values obtained by both methods.

A significant problem in an assay required to measure an

analyte over a 10,000-fold concentration span is to know what the approx

imate level of the analyte is, so that the detector attenuation (0.01 to 2.0)

to be used can be chosen for maximum sensitivity in the estimation. A

reasonable solution is the direct chromatography of a small volume of

ethanol-deproteinized sample, as well as calibrating standard, to give

approximate concentrations of MTX in each sample. An indication of the

approximate time the sample was drawn after infusion is also helpful in
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determining approximate MTX concentrations in patients' samples. The

maximum allowable standard curve without dilution of samples prior to assay

ranges up to 100 um.

Further investigation and minor requirements would be

recommended to put this method into clinical use. These include;

(a) the elimination of hydralazine interference, and

(b) the establishment of a standard curve for 7-OH-MTX.
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